Addition of Fe to Ni-and Co-based (oxy)hydroxides significantly enhances the activity of these materials for electrochemical oxygen evolution reaction (OER). Here, we show that Fe cations bound to the surface of oxidized Au enhance its OER activity, the OER activity increasing with increasing surface concentration of Fe. Density functional theory analysis of the energetics of the OER revealed that oxygen evolution over Fe cations bound to a hydroxylterminated oxidized Au surface (Fe-Au2O3) occurs at an overpotential 0.43 V lower than that at which the OER occurs on hydroxylated Au2O3 (0.86 V). This finding agrees very well with experimental observation and is a consequence of the more optimal binding energetics for the OER reaction intermediates at Fe cations bound to the surface of Au2O3. These findings suggest that the enhanced OER activity reported recently upon low-potential cycling of Au may be due to surface Fe impurities rather than to "superactive" Au(III) surfaquo species.
Introduction
The development of highly active, earth-abundant catalysts for the oxygen evolution reaction (OER, in basic media: 4HO -→ 2H2O + O2 + 4e -) is critical for achieving the efficient photoelectrochemical conversion of solar energy to chemical fuels. [1] A number of studies have
shown that the incorporation of Fe into various (oxy)hydroxides can improve their OER activity dramatically. [1j, 2] Investigations of Ni-(oxy)hydroxides have shown that ppb-level Fe impurities in basic electrolytes enhance the activity of Ni-based catalysts by as much as 200 fold.
[2b, 2c, 2k] Experimental and theoretical analysis of the OER on such Ni1-xFexOOH materials indicate that the Fe cations substituted into the Ni-(oxy)hydroxide lattice are the active sites responsible for high catalytic activity.
[2d] Similarly, recent work by Burke et al. has proposed that Fe substituted into Co-(oxy)hydroxides may be the catalytically active sites. [2a] This work has also noted that the low activity of Fe 3+ cations in FeOOH could be due to the low conductivity of this material and that the enhanced activity upon Fe addition into CoOOH (or NiOOH) is the result of the active Fe 3+ sites being contained in an appropriately conductive and chemically stable host structure.
Despite these experimental efforts, the precise role that Fe plays in improving the energetics of the reaction is still unclear, and a better understanding of the OER mechanism at these highly-active Fe-containing materials could enable the development of new catalysts with improved activity and/or stability (e.g., for use in acidic media). Density-functional theory (DFT)
can provide mechanistic insight, but such efforts are often challenging. In the case of Ni-(oxy)hydroxides, recent work by Friebel et al. has found that Fe 3+ cations within Ni1-xFexOOH exhibit a significantly lower OER overpotential compared to Ni cations in either Ni1-xFexOOH or pure NiOOH.
[2d] It should be noted, though, that the theoretical simulation of Ni-and Co-(oxy)hydroxides is complex because these materials have highly disordered layered structures and are known to intercalate alkali cations, water, and hydroxide anions, making it difficult to define unambiguously the composition and structure of the host catalyst.
The work presented here is motivated by the recent observation by Trotochaud et al. that removal of Fe impurities from alkaline electrolyte results in a decrease in OER activity over Au.
[2c] Subsequent work by Doyle and Lyons has proposed that "superactive" sites are formed on the surface of an Au electrode during low-potential cycling in unpurified NaOH. [3] The authors ascribed the increased activity to the formation of highly active hydrous monomeric Au(III) 4 surfaquo species. It should be noted, though, that studies reporting such activity improvement for Au were likely carried out using electrolytes containing Fe impurities. [3] [4] It is also quite likely that Fe impurities in the electrolyte may have influenced other investigations of the oxygen evolution over Au in alkaline electrolytes. [5] It is well established that Au is oxidized at potentials relevant to the OER to Au(III) (either as Au(OH)3 or Au2O3), and the structure of the surface oxide(s) formed is well-defined. [6] Therefore, the influence of Fe cations bound to the surface of Au2O3 is expected to be a simpler system for DFT analysis compared to Ni-and Co-(oxy)hydroxides.
Here, we report experimental and theoretical efforts aimed at identifying the role of Fe cations deposited onto the surface of Au oxide on the rate of oxygen evolution at low overpotentials (<0. 
Experimental and Theoretical Methods

Electrode Preparation and Electrochemical Characterization
All electrochemical measurements were carried out in a Teflon PFA beaker (VWR Investigations of activity changes due to the presence of Fe impurities were completed using all three electrolytes.
Au rotating disc electrodes (RDEs, 5 mm diameter) were used for all electrochemical measurements and were fabricated using 99.95% purity Au (DOE BCPMSR). Prior to 
Inductively Coupled Plasma Mass Spectrometry
The measurement of Fe, Ni, and Co content of catalyst films and KOH electrolyte solutions was carried out using an Elan DRC (Perkin Elmer) inductively coupled plasma mass spectrometer (ICP-MS) with a glass nebulizer (Micromist) and spray chamber at 1300W RF power. Ammonia was used as a reaction gas to remove plasma-based interferences for Fe analysis. Films were dissolved in 5 M high purity nitric acid (Sigma-Aldrich 84385) overnight and sonicated for 20 min prior to dilution. Final solutions for analysis contained ~2 wt% nitric acid. Prior to ICP-MS measurement, the KOH electrolytes were diluted ~10× with 2 wt% ultrahigh purity nitric acid.
Electrolyte metal contents were calculated using 0-50 ppb calibration standards of Ni, Fe, and Co. Calibrations were confirmed by comparison to standard solutions of these elements.
High purity KNO3 (ICP-MS grade) was added to all standards to matrix-match the concentration of potassium ions present in these solutions to those estimated to be present within the 1 M KOH 6 electrolytes. The detection limit approached the lowest calibration standard and is estimated to be ~0.2 ppb. The most abundant isotopes of analytes were chosen for analysis (56, 60, and 59 for Fe, Ni and Co, respectively).
X-ray Photoelectron Spectroscopy
X-ray photoelectron spectra were collected with a Kratos Axis Ultra spectrometer using a non-monochromatic Mg Kα source (10 mA, 15 kV) to avoid any LMM Auger features from trace Ni overlapping with the Fe 2p3/2 region. The base pressure in the analytical chamber was ~7×10 -9 Torr. Spectra were collected with 20 eV pass energy and 50 meV step size. The Fe 2p
regions were collected using dwell times of 300-500 ms and are an average of 20 scans to obtain sufficient spectral signal-to-noise. The Au 4f spectrum (Au 4f7/2 at 84.0 eV) [7] was used for spectral charge-shift calibration. All spectra were analyzed using CasaXPS (Casa Software, Ltd).
Computational Details
Density functional theory (DFT) calculations were performed using the Vienna ab initio
Simulation Package (VASP) with the projector augmented wave pseudopotentials and the PBE functional. The plane wave energy cutoff was set to 400 eV and the density cutoff was set to 700 eV, and electron smearing was employed using the Gaussian-smearing technique with a width of kBT = 0.1 eV for the surfaces and 0.01 eV for molecules. All calculated values of energy were extrapolated to kBT = 0.
For the surface calculations, at least 10 Å vacuum space between adjacent images was used to prevent the interaction between the replicas along the z-direction, while for all molecules, a 20 Å × 20 Å × 20 Å box was used for simulations. Spin-polarized wavefunctions were used for all calculations except H2 and H2O, in which non-spin-polarized wavefunctions were used. To convert electronic energies into Gibbs free energies, zero-point energy (ZPE), enthalpic, and entropic corrections, and solvation energies are needed. We used the numbers reported by Rossmeisl et al. for ZPE and thermodynamic corrections, [8] and the solvation corrections were calculated using the Poisson-Boltzmann implicit solvation model with a dielectric constant ε = 80 for water. The computational standard hydrogen electrode model proposed by Nørskov and co-workers [9] was used to calculate potential-and pH-dependent free energy surfaces. We emphasize that this is a purely thermodynamic study, which means no kinetic barriers are calculated or included in the Gibbs free energy surfaces. This simple thermodynamic analysis has been shown to satisfactorily predict experimental overpotentials for other electrocatalytic reactions, [8, 10] and the thermodynamic overpotentials provided here represent the lower bounds to the kinetic ones. Moreover, recent computational studies have shown that the kinetic barriers are small and thus surmountable at room temperature. [11] 3. Results and Discussion
Electrochemical characterization of Au in KOH electrolytes with varying Fe impurity contents
The concentration of Fe, Ni, and Co impurities in each 1 M solution of KOH was determined using ICP-MS ( Table 1) . The "Fe-free" solution was prepared by following the method for removing Fe-impurities from KOH reported recently by Trotochaud et al.
[2c] and contains Fe below the ICP-MS detection limit (estimated to be ~0.2 ppb for each metal). The reagent-grade 1 M solution of KOH also contains Fe below the detection limit. In contrast, the electronic-grade KOH solution contains ~76 ppb of Fe. We note that the Fe-free electrolyte is the purified version of the electronic-grade KOH.
The amount of Ni and Co in each electrolyte solution was measured to rule out the possibility that highly-active Ni1-xFexOOH or Co1-xFexOOH species predominate at the electrode surface; both elements were consistently below the ~0.2 ppb detection limit. However, we note that for a sample of Fe-free 1 M KOH collected immediately after the last purification step (centrifugation to remove the Ni(OH)2), a high Ni concentration was detected (>400 ppb). This is in contrast to four other Fe-free samples collected >1 h after the final purification step, which contained Ni concentrations below ICP-MS detection. Although "Fe-free" solutions are centrifuged to remove Ni(OH)2, this result suggests that some amount of Ni(OH)2 remains in the purified KOH solution even after centrifugation. The decreased concentration of Ni detected by ICP-MS with a longer time elapsed after purification is due most likely to the slow settling of Ni(OH)2 to the bottom of the bottle in which the solution was stored. For all electrochemical experiments reported here, Fe-free 1 M KOH was only used >1 h after purification. 76.4 ± 8.8 below detection below detection * All Fe-free 1 M KOH solutions measured >1 h after the last purification step contained Ni below the detection limit. Table 1 demonstrates that the purification procedure used to remove Fe impurities from the electronic-grade KOH is effective. However, the presence of Ni impurities in the Fe-free electrolyte cannot be completely ruled out due to the use of Ni(OH)2 during purification and its persistence after centrifugation. This raises the question of whether Ni impurities together with the Fe impurities affect the catalytic properties of the Au electrode. We show below that that any Ni impurities present have a negligible effect on the oxygen evolution activity.
The influence of varying the KOH electrolyte on the oxygen evolution current observed over Au is shown in Figure 1 . A >200 mV decrease in the OER onset potential is observed in cyclic voltammograms (CVs) for Au electrodes in electronic-grade KOH, in which Fe impurities are present. These findings are consistent with those reported by Trotochaud et al., who noted that the removal of Fe from the electrolyte dramatically increased the overpotential required for OER on bare Au substrates.
[2c] As shown in Figure S3 , the OER current increases with systematic increases in the concentration of Fe impurities in the electrolyte. It is interesting to note that CVs over Au appear to be highly sensitive to the concentration of Fe present in the electrolyte, and can distinguish between small differences in Fe concentrations not discernable by ICP-MS (i.e., a difference in Fe-free vs reagent-grade KOH is clearly observed, even though ICP-MS analysis of both electrolytes gives Fe below the detection limit). For all electrolytes, rotation of the Au electrode further increases the measured OER current. Since these current densities are below those at which mass-transfer effects are typically observed, the effect of rotation is presumably due to exposure of the electrode to a larger total volume of electrolyte Since Ni impurities are also present in the case of Fe-free KOH, and may be present in other electrolytes below the detection limit of ICP-MS, it is important to assess whether the observed increase in OER activity could also be affected by these low-level Ni impurities (or the combination of Fe and Ni, which is known to be highly-active for the OER). X-ray photoelectron spectra (XPS) were taken of Au electrodes at the end of a series of CV scans ( Table 1 ). For both reagent-grade and electronic-grade KOH, rotation during the CV acquisition resulted in greater uptake of Fe on the Au surface and a coincident increase in the OER current. Surface accumulation of Ni was detected for all samples via XPS at very low levels (calculated to be between 1.6 and 3%), except for Au cycled in Fe-free 1 M KOH (> 1 h after purification) at 1600 rpm, which has a much larger Ni 2p contribution. 2) The surface coverage by Ni of these sample is small (less than ~3% of the Au surface contribution via XPS -see Table S1 ) and is nearly constant.
3) The increase in OER activity correlates with the surface concentration of Fe observed by XPS and ICP-MS.
Therefore, we conclude that while a small, nearly constant amount of Ni is present on the Au surface in all cases after CV cycling, the observed changes in oxygen evolution activity over Au correlate with the varying concentration of Fe in the electrolyte and the degree of Fe accumulation on the surface of the electrode. Hence, the changes in OER activity observed are attributed solely to changes in the presence of Fe on the electrode surface.
Reversibility of Fe adsorption over Au
Additional CV and XPS experiments were carried out with the aim of identifying whether the Fe impurities bind reversibly or irreversibly onto the Au surface. Au electrodes cycled in electronic-grade KOH show dramatic increases in OER activity, but when these same electrodes are subsequently transferred to "Fe-free" KOH and additional CV cycles are carried out, the OER current decreases with each subsequent CV cycle until the voltammogram returns to that characteristic for Au cycled in Fe-free electrolyte ( Figure 3) . XPS of the electrodes after cycling in the "Fe-free" electrolyte shows no signals corresponding to Fe. species are expected to be present as FeO2 − anions. [13] Since the accumulation of surface Fe occurs in the absence of an applied potential, we hypothesize that the following reaction may occur:
In this simplified representation (for a more detailed structure, see the next section), x = 0.0-1.5
in AuOx, depending on the extent of oxidation of the Au surface.
14 We hypothesize further that the oxidation wave observed in Figures 4b and 4c is attributable to oxygen evolution coupled with the electrochemical oxidation of surface Fe 3+ to ferrate(VI) anions via the following reaction:
.
Reaction 2 is identical to that proposed to occur on Fe electrodes [14] and on a Pt electrode immersed in a solution containing 0.007 M FeO2 - [15] (all in highly concentrated, 10-15 M alkaline electrolytes). The oxidation peaks observed in these studies were attributed to the formation of ferrate(VI) ions (FeO4 2- ) and occurred at potentials overlapping the onset of oxygen evolution. [15] [16] Thus, we propose that the adsorption of Fe 3+ cations via Reaction 1 occurs at low anodic potentials and that the removal of these cations from the surface occurs as the potential is Reactions 1 and 2 can also be used to explain the experimental observations of Doyle and
Lyons for Au in 1 M NaOH. These authors (and others) observe an oxidation peak at η = 0.4-0.9 V after CV cycling from -0.8 to 0.8 V vs RHE (or -1.7 to -0.1 V vs Hg/HgO at pH 14), [3] [4] which they attribute to oxygen evolution over a transient, catalytically active Au(III) surfaquo species.
Using a rotating-ring disc, they detected an oxygen reduction current on the ring electrode for η = 0.4-0.9 V, confirming that the current generated at the working electrode disc during the oxidation wave is due (at least in part) to oxygen evolution. [3] Since the surface Fe 3+ species we propose are also expected to be the catalytically-active sites for oxygen evolution at these potentials, it is not possible to separate the current contributions due to the oxygen evolution reaction from those due to the formation of ferrate(VI) species, but it is clear that both processes occur in the same potential range. A plateau or decrease in current is observed with subsequent anodic potential scans because ferrate(VI) species are soluble and hence their formation results in the removal Fe from the electrode surface via Reaction 2, thereby lowering the number of active sites for OER and the OER contribution to the measured current.
Doyle and Lyons also noted the occurrence of two reduction waves (termed C2' and C2") on "activated" Au, [3] which they suggested are due to the reduction of different forms of hydrous oxides. In the presence of Fe impurities, we observe similar reduction features in the same potential window, from 0.0 to -0.5 V vs Hg/HgO ( Figure 5 ). We note that the potentials at which these features appear coincide closely with the potentials at which ferrate(VI) reduction (Reaction 3) has been reported to occur. [13] [14] [15] 17] FeO4 2− + 2H2O + 3e
Oxygen reduction is also expected to occur below ~0. This decomposition has been observed after ~30 min in 5 M KOH. [13, 18] Therefore, we expect the electrochemical conversion of FeO4 2− to FeO2 − to predominate on the timescale of the CV experiments conducted in the present study. In summary, we attribute the oxidation and reduction waves ascribed previously [3] to the formation of a highly-active Au(III) surfaquo species and hydrous oxide reduction, respectively, to the formation and reduction of ferrate(VI) species in unpurified alkaline electrolytes. The Fe 3+ electrolyte impurities (present as FeO2 − in solution) can chemically bind to the Au oxide/hydroxide surface, even in the absence of an applied potential. These species appear to be significantly more catalytically active than pure Au2O3, but at overpotentials of 0.4-0.9 V, the surface-bound Fe 3+ species are oxidized to ferrate(VI) and removed from the hydroxylterminated Au2O3 surface.
Theoretical analysis of oxygen evolution activity of Fe-Au2O3
DFT calculations (for complete computational details, see SI, S5) were carried out in order to obtain further insights into the cause for the decrease in the OER overpotental observed when Fe is chemically bound to the surface of Au2O3. Previous investigations have shown that under conditions relevant to oxygen evolution, Au is oxidized to Au2O3. and [110] surfaces of Au2O3. All possible terminations were considered; however, only the stoichiometric surfaces (S100-Bcut, S010-Dcut, and S110-Acut) and the most stable nonstoichiometric oxygen-terminated surfaces (S100-Acut, S010-Ecut, and S110-Ccut) and OHterminated surfaces (S100-Acut-OH and S010-Ecut-OH) are shown. The most stable surface at OER-relevant potentials (> 1.23 V) is the S010-Ecut-OH surface, which is used to predict η OER .
The theoretical overpotential calculated from the Gibbs free energy differences between each reaction step is independent of pH, and for greater convenience, can be modeled as if the reaction occurs in an acidic electrolyte:
[2d, [8] [9] [10] 19] H2O 
Here * represents a surface vacancy site. The calculated standard hydrogen electrode [9] was used to express the chemical potential of protons and electrons at pH 14 and applied potential U.
A schematic of the OER surface intermediates involved in Reactions 4-7 is shown in Figure 7 for both pure Au2O3 (top) and Fe-Au2O3 (bottom). [20] Consequently, the binding energetics of OER reaction intermediates attached to Fe cations bound to the surface of Au2O3 are more optimal than those of intermediates attached to Au cations. 
